Over the past several years, RNA interference (RNAi) has emerged as a powerful genetic tool that is being exploited not only in fundamental research for the assessment of gene functions, but also in various fields of applied research in medicine and agriculture. In plants, RNAi strategies have the potential to allow manipulation of various aspects of food quality and nutritional content, but also for plant protection. In the study of plant-fungus interactions, a comprehensive understanding of pathogenic mechanisms based on information from genome sequences demands advanced genomics tools and infrastructure. In order to make use of the plethora of information yielded by the rapidly increasing fungal pathogen genome sequencing studies, there is a growing need to achieve gene function assessment amenable to high-throughput techniques. Targeted gene disruption is effective but may not be feasible in certain fungi because of lack of transformation protocols or their life styles. RNAi techniques offer an alternative but, in contrast to other biological systems, only few studies have reported the use of RNAi to explore gene function in plant pathogenic fungi. In this review, we summarize a variety of options using RNAi techniques that have become available to study gene function for high-throughput phenotypic screening of virulence and pathogenicity factors in plant fungi. The identification of such genes can be exploited for the protection of crops against fungal pathogens.
Introduction
Plants are vulnerable to numerous biotic and abiotic stresses, suffering substantial yield losses due to pathogen attack in most of the agricultural and horticultural crop species. Collectively, fungi and oomycetes cause more plant diseases than any other group of plant pests making it of utmost importance to control fungal diseases in order to feed the increasing global population. Plant fungal diseases are usually managed with the application of chemical fungicides and by planting genetically resistant cultivars.
Unfortunately, fungicide application is often non-specific to the target pest and has caused such a selection pressure that fungicide-insensitive pathogen strains have emerged. In addition, chemical pest controls have undesirable health, safety and environmental risks, which have raised public awareness in recent years. The limited availability of natural resistance genes and difficulties in introgressing alien sources of resistance genes through conventional breeding strategies, have caused precarious situations in some crops against various pathogens. Therefore, a continuous search for novel approaches is essential for controlling devastating plant fungal and oomycetes pathogens that are difficult to control by existing methods. Developing effective control measures demands a better understanding of the pathogen biology and disease mechanism. With the rapid development of high-throughput sequencing technologies, the genomes of hundreds of phytopathogenic organisms have been sequenced and annotated (http://www.ncbi.nlm.nih. gov/genomes/leuks.cgi). The information provided by the structural genomics studies will serve as a rich resource for in silico predictions of genes likely involved in pathogen life cycle and pathogenicity. However, to translate this knowledge for combating plant pathogenic fungi (PPF) and oomycetes, reverse-genetics tools will be required to validate gene functions predicted by bioinformatics analysis.
Over the last decade there has been a strong interest in functional genomics research in PPF and oomycetes. One powerful technology to assess gene function exploits posttranscriptional gene silencing (PTGS) mechanisms, which act through various RNA intermediates [1, 2] . This RNAmediated gene silencing, referred to as RNA interference or RNAi, has been shown many times over to be an excellent tool for gene targeting to study their role in plant disease caused by fungal [3, 4] , bacterial [5] and viral [6] pathogens. The molecular toolbox for modulating gene functions in PPF and oomycetes has considerably enlarged over the last few years. However, to design the most appropriate functional genomics strategy for a particular pathosystem all available options must be considered carefully. The objective of this review is to summarize and discuss the currently available RNAi approaches that have been used or developed to study the biological role of genes regulating pathogenicity and virulence of PPF and oomycetes. Here we describe some representative examples of how the RNAi technology has been used to determine pathogenicity factors of these phytopathogens and its effect on plantpathogen interactions. Possible advantages and limitations of different approaches, as well as prospects for the use of RNAi in plant biotechnological applications to combat diseases caused by fungi and oomycetes are also discussed.
RNA Silencing: A Novel Mechanism of Gene Regulation
RNAi is a conserved eukaryotic gene silencing mechanism, and its discovery is one of the most important scientific breakthroughs in the last 20 years. The pioneering observation on the homology-dependent gene silencing mechanism was first unfolded in transgenic petunia plants by Napoli et al. [7] . These authors observed co-suppression of the introduced transgene and resident chalcone synthase (CHS) gene, an important constituent of the flavonoid biosynthesis pathway, resulting in white or variegated petunias instead of the expected deep purple coloration. In 1992, Romano and Macino reported a similar phenomenon in Neurospora crassa, noting that introduction of homologous gene sequences and subsequent RNA production caused quelling of the endogenous gene [8] . Later Guo and Kemphues [9] , reported that injecting either sense or antisense RNA shuts down the expression of homologous genes in Caenorhabditis elegans. Following the discovery that double-stranded RNA (dsRNA) induces RNAi in nematodes [10] , plants [11] , protozoa [12] and insects [13] , another major breakthrough in RNA silencing was made by Hamilton and Baulcombe [14] with the identification and association of small RNA (sRNA) molecules in plants undergoing gene silencing at the post-transcriptional level. Subsequent investigations revealed that much of the underlying gene silencing mechanism and machinery is conserved across organisms. It is now known that fundamental components required for the induction of RNA silencing include: a dsRNA trigger, a processor called Dicer, small interfering RNA molecules (siRNAs), an effector complex called RNA-induced silencing complex in which the Argonaute protein is the key player [15] [16] [17] .
RNA silencing triggers the degradation of homologous mRNA or inhibits its translation at the post-transcriptional level or causes epigenetic modifications at the target gene locus or its direct surroundings at the transcriptional level [18] . An interesting feature of RNA silencing is that it is a cell non-autonomous event. Once initiated, transgene silencing can propagate systemically throughout a plant or from a grafted silenced stock into a non-silenced scion [19, 20] . The proposed biological role of RNA-mediated gene silencing in eukaryotes includes regulation of cellular processes, such as development, RNA stability and processing, host defence, chromosome segregation, heterochromatin formation, maintenance of genome stability including control of repetitive and transposable elements, and regulation of gene expression [18, 21, 22] . Our knowledge of the repertoire of RNA-mediated functions has been greatly increased with the discovery of sRNAs which are the key players in the RNAi mechanism [18] . A number of eukaryotic noncoding sRNAs (20-30 nucleotides) have been identified of which siRNAs and microRNAs (miRNAs) are the best studied in plants and animals [16, 18, 23] . In fungi, a diverse number of sRNA classes has been described over the last few years, and are discussed in more detail elsewhere [4, 24, 25] .
RNA silencing has been explored for studying or confirming the function of presumed virulence or pathogenicity genes in several PPF, including members of the Ascomycota, Basidiomycota and Zygomycota, as well as in oomycetes (Table 1) . Though considered an innate, conserved mechanism, several very diverse organisms are either lacking some or the entire array of components that constitute the canonical silencing pathway, including among the fungi. Some ascomycetes such as Saccharomyces cerevisiae (budding yeast) and basidiomycetes such as Ustilago maydis (the corn smut fungus) and some Cryptococcus species (C. gattii), offer some interesting exceptions [26] [27] [28] [29] . The absence of silencing components in taxonomically distinct fungal species suggests that the RNA silencing machinery has been lost several times in signalling-related genes involved in hyphal growth, sporulation and pathogenicity [46] Glycosyl hydrolase families 10 (GH10) and 11 (GH11) Chimeric transcript Silencing of endoxylanases genes reduced fungal pathogenicity on host plants [45] Cell wall degrading endoxylanases Glycosyl hydrolase families 6 (GH6) and 7 (GH7) different lineages during the course of evolution [27] . Therefore, it is generally recommended to scrutinize the genome of a particular fungus for potential homologues of gene silencing components before exploring the potential of RNAi approaches for functional genomics studies.
We will now discuss several approaches by which the RNAi technology can be deployed for gene silencing studies in PPF.
RNAi Using a Hairpin RNA (hpRNA)-Expressing Plasmid Double-stranded hpRNA expression from stable integrated transgenes or from auto-replicative elements has been shown to be highly effective in inducing RNAi of targeted genes [30, 31] . This strategy induces highly efficient gene silencing and to date, expressing transgenes capable of forming hpRNA is the most prevalent and reliable strategy to induce RNAi in fungi. Efficient use of RNA silencing requires an easy to use cloning or transformation vector system compatible with the species under study. The remarkable potency of RNA silencing has led to the development of several hpRNA-generating vectors for plants such as pHANNIBAL and pHELLSGATE [30] or pSTARLING, pSTARGATE, pWATERGATE and pOpOff (http://www.pi. csiro.au/RNAi/vectors.htm). However, comparable molecular tools functional in PPF are still rare. This is partly due to the limited genetic approaches and information available for RNAi research in PPF. Most fungal gene silencing systems have used RNAi vectors that contain intron or spacer sequences between two inversely oriented target fragments to express and generate, through fold-back, dsRNA molecules with a hairpin structure. Liu et al. [32] demonstrated the first example of fungal RNAi by introducing an hpRNA-expressing plasmid in the basidiomycetous yeast C. neoformans. In N. crassa, hpRNA-producing constructs were shown to induce more efficient and stable gene silencing compared with canonical quelling induced by promotorless transgenes [33] . Nakayashiki and colleagues [34] developed several RNA silencing vector systems adapted for use in ascomycete fungi, including a pHANNIBAL-like pSilent-1 vector that allows high-throughput RNA silencing. pSilent-1 was used for determining gene function for two endogenous genes, MPG1 and polyketide synthase (PKS)-like genes, in a rice-infecting strain of Magnaporthe oryzae. RNAi of MPG1, which encodes a fungal hydrophobin acting as a cellular relay for surface interactions during infection and a trigger for the development of the appressorium, resulted in reduced fungal cell surface hydrophobicity and virulence [34] . This silencing system has been successfully used, with or without modifications, in several other PPF such as Colletotrichum lagenarium, Bipolaris oryzae and Cephalosporium acremonium [34] [35] [36] . The stem-loop system is a powerful RNAi approach and can provide stable and high silencing frequencies. However, a major disadvantage is that it requires extensive cloning steps to generate silencing constructs with two repeated sequences with an opposite orientation. To circumvent cloning restrictions, the Gateway system has been introduced into pSilent-1 to generate secondgeneration high-throughput gene silencing vectors for fungi. Recently, Shafran et al. [37] developed two gene silencing vectors for large scale functional genomics in filamentous fungi: pTroya, based on RNAi technology similar to the pHELLSGATE system of plants [30] and Gene-blast, based on a gene deletion/knock-out system. To generate the RNAi vector, pSilent1 [34] was modified by introducing two destination A cassettes of the Gateway system to create the plasmid pTroya. They then used pTroya to induce silencing of the C. gloeosporioides endogenous gene PAC1 involved in regulating the transcription of genes expressed under alkaline conditions, and simultaneously repressing the expression of genes activated under acidic conditions. Lossof-function mutants of PAC1 produced a constitutive 'acid' phenotype characterized by increased acid phosphatase and decreased alkaline phosphatase activity, and inhibition of fungal growth at alkaline pH. In general, this platform would allow for rapid and affordable RNAi studies in fungi as silencing vectors are relatively easy to make using in vitro recombination-based technology compared with conventional restriction enzyme-mediated cloning. The high efficiencies of the Gateway reactions and the ability to perform many of the steps on a large scale will enable the study of fungal gene functions in a high-throughput fashion.
Several RNAi vectors with inducible promoters have also been constructed for silencing genes in N. crassa, Aspergillus nidulans and M. oryzae [33, 38, 39] . In general, the use of an inducible promoter for the expression of silencing constructs offers significant advantages over constitutive promoters, especially when essential genes are targeted. Inducible RNAi also makes it possible to analyse a causal gene for a phenotype, when a particular phenotype can be linked to the suppression of a specific gene. The widelyused quinic acid-inducible promoter in N. crassa has been very effective in silencing gene expression in an inducerdependent and dosage-dependent manner. In the ectomycorrhizal basidiomycete fungus Laccaria bicolor, RNAi induced by promoter-directed expression of dsRNA encoding partial coding sequences of the nitrate reductase gene resulted in specific CpG methylation of both the silenced transgene and nitrate reductase gene, strongly affecting the fungal growth with nitrate as a sole nitrogen source in a medium with high concentration of an utilizable N source [40] . This study indicated that plants may possess a surveillance mechanism capable of monitoring and detecting the nutritional status of a potential symbiont, avoiding the establishment of unsatisfactory situations when mutual benefit from the symbiotic interactions cannot be assured. To maximize the potential of RNA silencing for gene function studies in Laccaria, Kamppainen and Pardo [41] developed a silencing vector system pHg/pSILBAγ for easy PCR-based cloning to trigger the expression of intronic spacer hpRNA (ihpRNA) sequences. The silencing capacity of pHg/pSILBAγ was shown to be effective in knocking-down L. bicolor nitrate reductase and inositol-1,4,5-triphosphate 5-phosphatase genes [41] . Though optimized for use in Laccaria, the pHg/pSILBAγ system should be applicable for RNA silencing studies in any homobasidiomycete with a functional gene silencing machinery and capacity to recognize the Agaricus bisporus gpdII promoter.
The RNAi strategy has also been used for simultaneous silencing of multiple genes in PPF by using hpRNA constructs that concatenate fragments of target genes [42] [43] [44] . High frequency gene silencing was reported in the apple scab fungus Venturia inaequalis using a single chimeric hpRNA construct targeting the green fluorescent protein (GFP) and an endogenous trihydroxynaphthalene reductase (THN) gene involved in melanin biosynthesis [42] . Simultaneous multiple target silencing coupled with phenotypic marker genes can be particularly valuable when developing high-throughput functional genomics screening tools. Transcriptional fusion of the target endogenous gene to a phenotypic marker gene fragment can be used as an indicator of the silencing level in the resulting transformants. Multiple gene silencing strategies can be highly useful for studying the biological functions of members of a gene family, particularly if there is functional redundancy among genes [44, 45] . Along these lines, an RNAi vector designed to generate hpRNA targeting the host-selective ACT-toxin (ACTT2) gene in Alternaria alternata, was shown to silence multiple functional copies of this gene thereby compromising pathogenicity of the fungus [44] . This study showed that this technique may be broadly applicable to the analysis of genes present in multiple copies in fungal genomes that are difficult to analyse using recombination-mediated disruption. However, this strategy may pose some limits as there could be a trade-off between the efficiency of silencing multiple genes and the specificity of gene silencing. Indeed, RNAi of the six known hydrophobin genes (HCf1 to HCf6) in the tomato leaf mould fungus Cladosporium fulvum using inverted repeat chimeras, resulted in varying levels of gene silencing of the targeted genes [43] . In the various silenced transformants, a wide variation in the expression levels (both up-and down-regulation) of targeted and other related non-targeted hydrophobin genes was observed. This work highlights the difficulties that are likely to be encountered when attempting to silence more than one gene in a multigene family.
RNAi Using Dual Promoters (Convergent Transcription)
As discussed above, most gene knock-down experiments utilizing RNA silencing in PPF have been carried out using hpRNA-producing constructs. However, construction of an hpRNA or ihpRNA-expressing vector requires several steps of oriented cloning limiting its applicability for largescale gene silencing analyses. One alternative approach is to design silencing vectors with a dual promoter system in which the gene of interest is independently, but simultaneously, expressed in sense and antisense polarity under the control of two opposing promoters. Independent transcription of a target gene from each promoter will produce a pool of sense and antisense RNA molecules in the transformed cell, which hybridize and lead to the formation of dsRNA to be processed into siRNAs by Dicer. This technology allows the construction of RNAi vectors with a single, non-oriented cloning step, and this approach has been utilized for functional genomics study in M. oryzae [46] . To circumvent the limitations of hpRNA or ihpRNA construction, Nguyen et al. [46] developed a novel RNA silencing vector pSilent-Dual1 (pSD1) that carries two convergent opposing RNA polymerase II promoters, namely the A. nidulans trpC (PtrpC) and the gyceraldehyde-3-phosphate dehydrogenase (Pgpd) promoters, flanking a multiple cloning site. These authors demonstrated the applicability of the system by studying the role of calcium signalling-related genes in various biological aspects of M. oryzae such as hyphal growth, sporulation, appressorium formation and pathogenicity. Through this approach, this study provided the first evidence that Pmc1, Spf1 and Neo1-like Ca 2+ pumps, calreticulin and calpactin heavy chains are essential for fungal pathogenicity. The efficacy of the pSD1 system was further demonstrated by generating knock-down mutants targeting cell wall degrading enzyme (CWDE) genes, including endoxylanases belonging to glycosyl hydrolase (GH) family 10 and 11 [45] and cellulases belonging to GH family 6 and 7 [47] , to elucidate their roles in pathogenicity of M. oryzae. In the lentil anthracnose fungus Colletotrichum lentis, the dual promoter induced RNAi approach was used to characterize the biological role of the potential host-specific toxin and virulence factor gene CIToxB. Silenced SIToxB strains significantly reduced anthracnose severity on leaves and stems of infected plants by up to 80% compared with wild-type isolates [48] .
The advantage of convergent transcription systems is that multiple silencing vectors can be constructed easily without any complicated cloning steps. Potentially, a silencing library for large-scale screening of fungal genes can be constructed in a single transformation event using cDNA inserts made from normalized mRNA pools. However, a major drawback of dual promoter RNAi vectors is their general lower silencing efficiency compared to the stemloop expression system [46] . This is likely due to the difference in efficiency of dsRNA formed between the two systems. In the hpRNA system, dsRNA is formed by selffolding of inverted repeats while in a dual promoter system it requires physical annealing of two individual transcripts in the target cell. The use of two different promoters might also result in uneven transcription of sense and antisense RNAs resulting in lower production of dsRNA. Further, in Fusarium oxysporum, RNA silencing by a convergent promoter construct failed to induce significant silencing of the endogenous Frp1 gene [49] . Expression analysis suggested that hpRNA in F. oxysporum is prone to transcriptional inactivation despite the presence of a functional gene silencing machinery. The results indicated that hpRNA transgenes may induce transcriptional self-silencing due to their inverted repeat structure [49] . Thus RNAi mechanisms in fungi seem to be more divergent than in plants, with different fungi possessing alternative RNA-mediated gene regulation pathways that may be species specific.
Direct Delivery of dsRNA or siRNA into Fungal Cells
Even though the direct delivery of synthetic nucleic acids to cultured cells is a common method to introduce RNAi in mammalian systems, the applicability of this technology in PPF for functional genomics studies still remains to be fully explored. This can be attributed to the substantial differences in cell membranes and metabolism between fungi and mammalian cells. In fungi, the existence of nucleic acid scavenging mechanisms, i.e. nucleic acid uptake from the medium and traversing of the fungal cell wall was first reported in the human pathogenic fungus Candida albicans. It was shown that oligonucleotides are readily taken up by C. albicans in an energy-dependent manner [50] . To investigate whether the RNA uptake mechanism can be exploited to induce gene silencing, direct delivery of synthetic nucleic acid sequences into fungal protoplasts or germinating spores was explored for some fungi. In the opportunistic pathogenic fungus A. nidulans, a key polyamine (PA) biosynthesis gene, ornithine decarboxylase (ODC), was silenced by treating in vitro germinating fungal spores with synthetic 23-nt siRNA duplexes added to the growth medium. The siRNA caused specific silencing effects in treated fungal spores leading to significant reduction in target mRNA titre, mycelial growth and cellular PA concentration [51] . Since PAs are essential for fungal growth and development, the finding suggests that selective targeting of PA biosynthesis of phytopathogenic fungi may be useful for disease control.
Other methods for the direct delivery of silencing RNA molecules have also been explored in the fungal and oomycete plant pathogens. Whisson et al. [52] described the application of transient gene silencing by delivering in vitro synthesized dsRNA into protoplasts of the oomycete Phytophthora infestans to trigger RNAi. Introduction of synthetic dsRNA sequences resulted in efficient gene silencing of two endogenous P. infestans genes: inf1, a sterol carrier protein, and a stage-specific gene cdc14, required for sporangia development. Similarly, in the basidiomycete Moniliophthora perniciosa, the causal agent of witches broom disease of cocoa, transfection of in vitro synthesized dsRNA into protoplasts showed successful silencing of endogenous genes coding for hydrophobins (MpHYD) and a peroxiredoxin (MpPRX1) [53] . Direct transfer of MpHYD or MpPRX1 dsRNA by electroporation or chemical methods reduced transcript levels of Prx1 and four among five members of the M. perniciosa hydrophobin multigene family (MpHYD 1, 2, 4 and 5) by 23-87 and 89-97%, respectively. Efficient silencing of hydrophobin genes further suggested that simultaneous silencing of several members of a multigene family by the introduction of a dsRNA that matches conserved sequences among family members, can be successfully achieved in PPF. Adaptations and optimizations of such transient gene silencing methods can augment the existing functional genomics tools for important PPF.
Overall, these studies indicate that vital pathways in fungal pathogens can be targeted by feeding them dsRNA or siRNAs targeting corresponding gene sequences. Although direct dsRNA or siRNA delivery into the cell has so far been reported for a limited number of fungal species, this method can offer a convenient RNAi tool for fungi, similar to animal systems. Since such a system offers a simple design and does not rely on laborious vector construction and genetic transformation methods, it has great potential as an RNAi tool for the study of gene function. However, it remains to be investigated whether this approach will be feasible in fungi which are difficult to culture under laboratory conditions, such as obligate biotrophic plant pathogens, or species that may not allow easy uptake of nucleic acids; some of the studies cited above used protoplasts, fungi and oomycetes stripped of their cell wall. Other drawbacks of this strategy include induction of inconsistent and diverse levels of gene silencing. The original molecules triggering the silencing may not be stable over longer periods of time as some signal amplification is required to fully activate and maintain RNAi induced by exogenous dsRNA or siRNA. This would offer a relatively brief 'window of opportunity' to analyse RNAi effects before the silencing is decaying and expression of target genes is reverting to normal levels. There is also a possibility that exogenous dsRNA or siRNA molecules may not be equally distributed over every fungal cell as there may be differential uptake or spread across membranes within multicellular mycelium, depending on the size or structure of the RNA species. Other barriers might also affect the overall performance of this approach; for example, after entering the cell, nucleic acids might get degraded or trapped in vacuoles or organelles that do not contain their targets.
Host-Induced Gene Silencing (HIGS)
Recently, an RNAi-based concept called HIGS has been applied for functional genomics studies of PPF which is particularly useful for obligate biotrophs [54] [55] [56] [57] [58] [59] . The concept behind this method is the suppression of expression of fungal genes by the uptake of silencing molecules generated exogenously in the host plant using its RNAi machinery. The strategy involves ectopic expression of dsRNA or ihpRNA molecules matching specifically to target fungal gene sequences, in host plant cells. These are recognized by plant Dicer enzymes and subsequently processed into siRNA molecules. The invading fungal pathogen takes up the dsRNA or siRNA molecules from the host cell through an as yet unknown mechanism, leading to a reduction of the corresponding endogenous target fungal gene transcript levels. If the targeted genes are vital for fungal survival, reduction of their transcript levels will inhibit fungal growth and compromise the pathogen's ability to cause infection. Since HIGS is induced in planta, it has subsequently emerged as a powerful reverse genetics tool to characterize and validate the biological functions of candidate fungal genes identified by computational methods. This RNAi technology can prove to be a highly useful resource for genomics research of plant fungal pathogens that are not amenable to genetic transformation. The system has effectively been used to reveal candidate pathogenicity and virulence factors involved in growth, development and pathogenicity related functions in several PPF and oomycetes [54, 55, 57, [60] [61] [62] [63] [64] [65] . These studies revealed that HIGS holds great potential in developing effective disease control strategies by targeting pathogen-specific factors which are essential for its survival. Therefore, this technology has an applied aspect and promises less dependency on traditional chemical protection measures for pest and disease control. To initiate HIGS, the silencing RNA molecules can be produced by stably transforming plants with RNAi constructs that encode dsRNA or hpRNA. Such sequences can also be produced transiently by bombarding plants with nucleic acid-coated beads, by infiltrating plant cells with transgenecarrying Agrobacterium tumefaciens or by infecting plants with a virus carrying the construct. Compared to stable transformation, the transient gene silencing approaches are easy to apply to plants lacking suitable gene delivery methods or with poor regeneration ability. However, each delivery method has its own advantages and disadvantages depending on the host-fungal system and research goals (Table 2) . Earlier it was reported that organisms that live within and/or develop intimate contact with their hosts are sensitive to pathogen/parasitespecific RNA silencing molecules generated in that host [66] [67] [68] [69] . In 2010, Tinoco et al. [70] reported this concept in a phytopathogenic fungus by demonstrating that tobacco plants engineered to express a β-glucuronidase (gus) hairpin-structured dsRNA resulted in abolishing the expression of the targeted gus transcripts in a GUS-expressing strain of the necrotrophic fungus F. verticilloides. Transgenic tobacco lines provided siRNA molecules for absorption by F. verticilloids which in turn induced RNAi of the gus transgene in fungal mycelium. This study provided a proof-of-concept that expressing dsRNA molecules in plant cells could result in in vivo trans-specific silencing of the corresponding endogenous gene in the interacting fungus. We and others quickly realised that the HIGS approach could advance functional genomic studies in obligate biotrophic plant fungi that are difficult or impossible to culture or genetically manipulate by in vitro methods [54-56, 60, 71] . We therefore developed a novel A. tumefaciens-mediated in planta induced transient gene silencing (PITGS) system for functional genomics studies in the wheat leaf rust fungus Puccinia triticina [55, 56] . In a previous study, comparative genomics using a Pt expressed sequence tag (EST) database provided a set of fungal candidate genes [72] . We targeted three candidate genes, namely PtMAPK1 (Mitogen-activated protein kinase), PtCYC1 (Cyclophilin) and PtCNB (Calcineurin B) as these had been implicated in pathogenicity in other pathosystems [73] [74] [75] . Infiltration of A. tumefaciens carrying T-DNA with plant promoter-driven hpRNA-generating silencing constructs in wheat leaf tissue led to the production of target P. triticina-gene specific siRNA molecules. When subsequently challenged with P. triticina urediniospores, the siRNA molecules resulted in up to 70% reduction in transcription of the corresponding endogenous genes in the invading fungal hyphae. The silencing of candidate P. triticina genes in the interacting fungus induced fungal growth deformities resulting in disease suppression and demonstrating thereby that these genes are involved in pathogenesis. The results showed that the A. tumefaciens-mediated PITGS system can be effectively used as a reverse genetics tool to discover gene function in this obligate pathogen-wheat pathosystem. However, using Agrobacterium delivery, we did not observe any systemic spread of silencing and the RNAi effect was mostly localized to the infiltrated zone. This work also suggested trafficking of siRNA molecules generated in host plant cells to fungal cells although the mechanism behind this cross-species transfer still remains to be elucidated. It is possible that translocation of silencing molecules might occur at the host-fungal interface using the exosomal biogenesis pathway [55, 76, 77] or by exploiting other nutrient acquisition strategies [78, 79] .
The Barley stripe mosaic virus (BSMV) was recently developed as an efficient tool for virus-induced gene silencing (VIGS) in monocots [80] , and has subsequently been explored to induce HIGS (BSMV-HIGS) in plant cells to determine the role of fungal genes in host-pathogen interactions [54, 59, 63, 71, 81] . We explored the potential of BSMV-HIGS in P. triticina by targeting the aforementioned PtMAPK1, PtCYC1 and PtCNB genes. Using virus-mediated delivery, we demonstrated the generation of candidate P. triticina gene-specific silencing molecules in virus infected wheat leaves. Compared to the A. tumefaciens-mediated PITGS system, BSMV-HIGS induced systemic silencing in the host leave tissues, which triggered RNAi of the targeted P. triticina genes in the colonizing fungus. In the same study, we also showed that the efficiency of the BSMV-HIGS system can be effectively enhanced by using a virus vector defective in coat protein coupled with introducing fungal sequences simultaneously in sense and antisense orientation. Also in this approach, reduction of P. triticina disease symptoms on wheat (less sporulation and fungal biomass) due to reduced expression of the PtMAPK1, PtCYC1 and PtCNB genes confirmed the likely involvement of these genes in pathogenicity. In general, in obligate biotrophs, it is very difficult to distinguish the function of the target genes as essential for housekeeping or 'in vitro' growth from 'real virulence or pathogenicity' genes, since the former will always impact the latter, resulting in the same phenotype. The BSMV-HIGS approach was also used to identify putative effector genes, a chitinase and an HXT1p hexose transporter function in the wheat stripe rust fungus P. striiformis [71] . In that study, the efficiency of HIGS appeared dependent on the expression pattern of the targeted fungal genes. Although BSMV-HIGS reduced mRNA levels of the targeted fungal genes, the silencing showed no phenotypic effect on P. striiformis disease development. The authors suggested that likely redundant functionality among targeted genes may have been the reason. Nevertheless, the targeting of effectors with avirulence function using the HIGS approach can allow for a powerful selection in cultivars harbouring the matching resistance gene (see further). In another study, Yin and associates [59] used BSMV-HIGS to characterize a P. graminis gene, Pgt-Iaam encoding a putative tryptophan 2-monooxygenase. Pgt-Iaam encodes a putative auxin precursor, indole-3-acetamide (IAM) that can regulate plant-microbe interactions. The experiments demonstrated that transient RNAi of the Pgt-Iaam gene significantly reduced the endogenous fungal transcript abundance in infected wheat leaves. The plants inoculated with the BSMV:pgt-Iaam silencing construct displayed a moderately resistant P. graminis disease phenotype indicating that the gene is involved in fungal pathogenicity.
Over the last few years, fungal effector proteins have received considerable attention in order to decipher the mechanisms behind fungal-host interactions by which these fungi are able to infect plants [82, 83] . Pliego and associates [58] used a HIGS-based functional analysis to screen 50 Blumeria graminis effector candidates (BECs) by cloning the predicted coding sequences in Gateway-derived destination vector pTA30, designed to form hpRNA molecules. Host-directed silencing of the corresponding fungal sequences identified eight effectors having a role in pathogen development. Four of the eight BECs revealed similarity to different types of molecules involved in pathogen infection such as β-1,3 glucosyltransferases, metallo-proteases, and microbial secreted ribonucleases. One of the RNAselike proteins (BEC1011) was shown to interfere with pathogen-induced host cell death. HIGS-mediated silencing of the B. graminis haustoria-expressed effector protein Avr10 confirmed its role in fungal virulence when it resulted in a marked reduction of fungal growth inside epidermal cells of a B. graminis-susceptible barley cultivar lacking the Mla10 resistance gene, but not in near-isogenic lines with Mla10 [60] . The authors also confirmed the virulence function of fungal glucanosyltransferase genes GTF1 and GTF2 by expressing hpRNAi constructs in barley resulting in reduced haustoria formation in B. graminis and thus higher resistance in plants to fungal infection. In the same pathosystem, recently, Whigham et al. [63] identified the role of effector protein BEC1019 playing an important role in the survival and reproduction of the obligate biotrophic fungus B. graminis. BSMV-HIGS-mediated silencing of BEC1019 significantly suppressed the powdery mildew proliferation on barley leaves, revealing the central role of BEC1019 in virulence and as a suppressor of host defence. Additionally, HIGS of two candidate secreted effector proteins, CSEP0105 and CSEP0162 [62] , and a Blumeria effector candidate BEC2 [61] demonstrated their role in virulence during B. graminis-host interactions. Similar HIGS studies were conducted in oomycete pathosystems. Silencing of the RXLR-class effector Avr3a gene of P. infestans provided partial resistance against this oomycete pathogen in a susceptible host background. Transgenic tobacco plants expressing the transgene-specific siRNAs showed lower disease progression and pathogen load but were not completely resistant to P. infestans [65] . The observed partial silencing may be due to the cumulative effect of PTGS and transcriptional gene silencing (TGS) in P. infestans [84] . Overall, these studies show that silencing fungal effector proteins that induce or suppress host processes can alter the ability of fungal pathogens to infect and colonize host plants and are hence possible targets for disease control. A number of studies have reported on HIGS resulting from stably integrated transgenes in host plant genomes. HIGS targeting the cytochrome P450 lanosterol C-14α-demethylase (CYP51) gene family was shown to be a highly effective strategy for controlling the growth and development of the mycotoxin-producing hemibiotroph Fusarium graminearum in barley. These silenced genes were known to produce proteins that were effectively targeted by common systemic sterol demethylation inhibitor fungicides. Host plants expressing a dsRNA (CYP3RNA) having sequence similarity to three CYP51 gene paralogues (CYP51A, CYP51B and CYP51C) displayed strong resistance to head blight symptoms [57] . Similarly, silencing RNAs produced in lettuce plants targeting a cellulose synthase (CES1) gene encoding for a protein involved in cell wall biosynthesis or the HAM34 gene encoding a protein of unknown function of Bremia lactucae, resulted in reduced downy mildew infection [64] . Despite the successes illustrated in the examples above, engineering resistance against pathogens through the production of specific homologous dsRNAs in host plants may not be feasible for all organisms. Efforts to derive HIGS-mediated gene silencing were not successful in the model Arabidopsis thaliana-P. parasitica biotrophic pathosystem. Transgenic Arabidopsis plants expressing dsRNAs did not trigger RNAi of the targeted gfp or the endogenous PnPMA1 genes in P. parasitica during plant infection. A possible explanation was given in that P. parasitica, despite having a functional gene silencing machinery, might lack the genetic components that facilitate uptake of silencing signals during the host-pathogen biotrophic interaction [85] . The failed attempt of silencing P. parasitica genes warrants further study to decipher the possible mechanism (s) and pathways required for the translocation of silencing signals across plant-pathogen interphases. Another key step in developing a successful HIGS approach is the identification of suitable target genes in the infectious agents. Effective targets can be identified in cDNA libraries or RNA-seq databases generated by next generation sequencing technologies. Good candidates could be genes highly expressed just prior or during infection, that have annotations similar to known pathogenicity genes. Effector genes that show conservation among resequenced isolates or closely related pathogen species could also be prime targets for HIGS studies.
Prospects and Challenges for RNAi Applications in Plant Fungal Biotechnology
With the advancement in sequencing technologies, genomes of more and more fungal species are currently being generated and annotated. To take full advantage of this wealth of gene information for unravelling biological function, RNA silencing has emerged as one of the most powerful approaches. Due to its high-throughput efficacy and applicability, RNAi has become an important alternative to conventional gene knock-out strategies for functional genomics research in fungi. One of the main factors for the growing use of RNAi in reverse genetics studies in fungi is the difficulty in producing knock-out strains in many fungi due to low frequency of site-specific recombination [86, 87] . The efficiency of gene targeting is relatively high in model fungi such as A. nidulans, N. crassa, M. oryzae and U. maydis, but this is not the case for many fungi. Other advantages of gene knock-down approaches in functional genomics research when compared to gene knock-out includes: (1) RNAi induces gene suppression in a sequencespecific but not a locus-specific manner using a mobile trans-acting signal in the cytoplasm and therefore can be applied to functional analysis of a multiple gene family. This ability can be specifically useful to fungi with low gene targeting efficiency or those which are multi-nucleated. Simultaneous silencing of homologous genes has been achieved by targeting a conserved sequence of a gene family [32] ; (2) RNAi does not change the genomic structure of target genes and is extremely useful in studies when deletion of target genes is lethal for the recipient since it does not completely shut down gene expression; (3) Since the efficiency of homologous recombination varies considerably among fungal species, RNAi can offer a convenient genomic tool in systems where the efficiency of gene targeting is low; (4) RNAi requires only short stretches of sequence information and thus is a major advantage for organisms for which there is little genome information available; (5) The efficiency of RNAi is not compromised by the presence of non-transformed nuclei or multi-copy genes due to aneuploidy [3] . Most fungi possess multinucleated or multicellular hyphae and some exhibit heterokaryosis making gene targeting inefficient and complicated; (6) By making use of inducible promoters, RNA silencing can facilitate the study of gene expression at specific developmental stages or in different parts of the organism. Gene deletion studies do not allow this kind of study as they eliminate the target gene permanently.
However, there are also some limitations to RNAi such as the often incomplete and variable reduction of target gene expression, and the potential reversibility of silencing effects making interpretation of results difficult. RNAi does not abolish expression of the target gene and the extent of the knock-down of transcription is highly variable making it necessary to screen large numbers of transformants or test lines for a high knock-down level. In addition, whereas classical genetic screens can identify alleles that uncover regulatory mechanisms, RNAi is purely a loss-of-function technique targeting the mature mRNA. Several studies have suggested that sequence-complementarity of RNA silencing is not absolute and genes other than those targeted will also be silenced [88] . This off-target activity of RNA silencing can lead to unanticipated phenotypes complicating interpretation of results in gene knock-down experiments. However, recent developments in understanding the sources of siRNA off-target activity are yielding insights into rational siRNA design with reduced off-target liabilities [89, 90] . Still, with the increasing number of sequenced fungal genomes, more work is needed to understand the kinetics, persistence and phenotypic consequences of siRNAs for the fungal cellular machinery.
Conclusions
RNAi technology has been successfully applied in a number of studies to develop plants with improved resistance to biotic stresses. However, there are substantial gaps in our knowledge about the RNAi mechanism in agriculturally important pathogenic fungi and their host-fungal interactions. Further research is needed to expand the usefulness of this valuable genomics research tool for important fungal pathogens. The recent demonstration of the functionality of absorbed exogenous RNAi molecules and the various classes of sRNAs existing in fungi, offers new possibilities to control agriculturally relevant plant fungal diseases with minimal side effects as compared with chemical/ fungicide treatments. An optimal requirement for developing a successful and effective RNA-mediated disease control strategy is the identification of gene targets with lethal knock-out phenotypes. In this regard, next generation sequencing technologies, such as RNA-seq, could allow the rapid identification of gene targets in non-model organisms. The potential of RNAi can also be exploited by creating transgenic plants producing fungal hpRNA targeting multiple essential genes to greatly impair the pathogen, as a resistance mechanism which can become a valuable component of a disease management plan. In the near future we should see a continued understanding and development of applications of this remarkable mechanism to help minimize losses due to fungal diseases to obtain a more sustainable agriculture.
